Research on genetic causes of male and female infertility rapidly expanded in the last years, following the development of in vitro fertilising techniques. Genetic tests are now available to explore the cause of the infertility and assess the risk of a given couple to transmit its genetic characteristics. This allows at-risk couples to take an informed decision when electing for a medically assisted reproduction. It also allows the professionals to offer a prenatal diagnosis when appropriate. Thus, the genetic work-up of the infertile couple has become good practice for an appropriate diagnosis, treatment and prognostic assessment. The lack of national or international rules for the genetic approach to the infertile couple, prompted the Italian community of professionals in the field of reproductive medicine to join and set up guidelines for the genetic diagnosis of male and female infertility. The group of clinical and research experts is representative of 12 national scientific societies and was supported by external experts from four international societies. We examine the clinically relevant genetic causes of male and female infertility and suggest the category of patients for which each genetic test is recommended or optional, both for an accurate diagnosis and prior to ART.
Introduction
Infertility is a major health problem, as in the western countries it affects about 15% of couples trying for a child. 1 ± 5 Despite the prevalence of infertility, only recent research has focused onto genetic factors accounting for both male and female infertility. It can be speculated that in about 15% of male and 10% of female infertile subjects genetic abnormalities could be present, including chromosome aberrations and single gene mutations. Some genetic factors have been outlined and a number of genes related to infertility have been cloned, while other genes have been assigned to specific chromosome regions, but the majority of them still remain undeciphered. Genetic research has expanded in the last years, following the development of in vitro fertilising techniques. Genetic tests are now available to explore the cause of the infertility and assess the risk of a given couple to transmit its genetic characteristics. This allows at-risk couples to take an informed decision when electing for a medically assisted reproduction. It also permits the professionals to offer a prenatal diagnosis when appropriate. The use of intracytoplasmic sperm injection 6 (ICSI) has raised major concerns about safety for the offspring, since it bypasses the physiological mechanisms related to fertilisation. Natural selection prevents the transmission of mutations causing infertility, while this protective mechanism is overcome by the assisted reproduction techniques (ART). The risk is therefore that genetic cause of infertility increases in future generations, as demonstrated for male infertility. 7 Thus, the identification of genetic factors in the infertile couple has become good practice for appropriate management of the infertile couple.
The lack of national or international rules for the genetic approach to the infertile couple, prompted the Italian community of professionals in the field of reproductive medicine to set up guidelines for the genetic diagnosis of male and female infertility. The group of clinical and research experts includes the different disciplines involved in human reproduction (gynaecology, andrology, endocrinology, biology of reproduction, urology, embryology and genetics) ( Table 1) . Twelve national scientific societies nominated one representative to take part on the working group (Committee). This Committee worked for five months mainly by reviewing the literature, each participant preparing schemes that were discussed by the Committee. In February 2001 the results were also discussed at a national congress attended by external experts from four international societies. The conclusive draft was displayed on the Internet for a 4-month period to allow further comments by the entire Italian scientific community, based on how the final document was prepared by the Authors.
The main goal of the Guidelines is to promote the appropriate use of the available genetic tests. Using these Guidelines, together with careful genetic counselling would provide a better diagnosis and management of the infertile couple. However, it should be kept in mind that genetic tests are part of the diagnostic workup of the infertile couple, and therefore other investigations should be performed first. 8 The Guidelines have been prepared not to include all the genetic causes of infertility, but only those clinically relevant, both in terms of prevalence and risk of transmission. Therefore, genetic syndromes in which infertility is only an accompanying manifestation have not been included, since in these disorders the infertility clinicians are playing only a minor or lesser role. Furthermore, the Guidelines are intended for the management of the infertile couple by the clinicians and have not evaluated technical aspects of the diagnostic test. The Committee has suggested some genetic tests as strongly recommended, while others have been considered optional or not ready for routine clinical use.
Summary of recommendations for the use of genetic tests in male and female infertility
The following paragraphs review the genetic tests that are recommended by the Committee, and are summarized in Tables 2 and 3 . The rationale for these recommendation is presented in the next section. Male infertility has been classified on the basis of the seminal analysis 9 although infertility and alterations of seminal characteristics are not synonymous. However, this classification is in keeping with the clinical practice, since the patients candidate to ART are often classified according to semen analysis. Genetic diagnosis and genetic counselling should always be part of an extensive evaluation of these patients, and basic clinical analysis should precede any genetic analysis. However, genetic evaluation is also recommended when infertility is apparently related to other obvious causes, since different causes may coexist. 10 Similar to male infertility, female infertility has also been classified primarily on clinical criteria, especially abnormalities of the ovarian function resulting in abnormal menstrual cycle. Even if recurrent foetal loss is not actually a cause of primary infertility, it has been included, given its clinical relevance and frequency of genetic causes in this condition.
Karyotype analysis
Peripheral blood karyotype analysis is strongly recommended during the diagnostic workup of subjects with azoospermia and severe oligozoospermia. In these subjects the cytogenetic screening is mandatory prior to any ART procedure (including intrauterine insemination, IUI), also in Guidelines for genetic infertility C Foresta et al 304 those cases in which sperm parameters are within the normal ranges or only slightly abnormal. Furthermore, since some karyotype anomalies (for example 47,XYY, some translocations and other structural aberrations) may cause male infertility associated with an apparent normozoospermia, this analysis should be performed when no result is reached after 1 year of sexual intercourse aimed at pregnancy.
The Committee has recommended karyotype analysis during the diagnostic workup of infertile women presenting with primary ovarian dysfunction or recurrent foetal loss. This screening is mandatory in women candidates to ART. Karyotype analysis should be included as diagnostic test, when no result is achieved after 1 year of sexual intercourse aimed at pregnancy.
Microdeletions of the long arm of the Y chromosome
Yq microdeletion screening is strongly recommended during the diagnostic workup of infertile patients with non obstructive azoospermia and severe oligozoospermia, regardless of the presence of other apparent causes of testicular damage. This analysis is not indicated when sperm concentration is higher than 10 million/ml. Furthermore, all individuals with non obstructive azoospermia and severe oligozoospermia should be analysed for Yq microdeletions prior to any ART procedure.
CFTR gene
Screening for CFTR mutations (including the 5T allele) is strongly recommended in infertile individuals with a diagnosis of bilateral or unilateral congenital absence of vas 
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Guidelines for genetic infertility C Foresta et aldeferens (CBAVD or CUAVD). Whenever the couple is planning a pregnancy by ART, this test should be performed in both the affected male and his partner. Mutations in the CFTR gene have not been unequivocally associated with reduced female infertility. However, women affected by cystic fibrosis are subfertile and have a higher risk of complicated pregnancy. 11 The prevalence of the CFTR mutation in the general population (1 : 25), and the higher probability of a CFTR mutation to occur in the male partners of ICSI couples, recommend this test in the female partners candidate to ART.
12
KAL1 gene-Kallmann syndrome Although Kallmann syndrome is rare and mutation analysis of KAL1 gene is not easily available, the Committee has recommended the inclusion of the KAL1 gene screening in all azoospermic men with hypogonadotropic hypogonadism (HH) and anosmia. Kallmann syndrome should be suspected, and KAL1 gene analysis performed, only in women with HH. Autosomal recessive and dominant causes of HH may be present, but the genes responsible for these conditions are to date unknown.
13
Androgen receptor gene The Committee has suggested this test in azoospermic and severely oligozoospermic men with high androgen sensitivity index (ASI), although this is not a mandatory rule. Furthermore, in these cases the test should be performed as a second step, following karyotype analysis. Obviously, when other clinical manifestations of androgen insensitivity are present, the AR gene should be screened for mutations. Contrasting data have been reported concerning the role of the CAG triplet expansion in male infertility. Therefore, at present this analysis should not be performed in the clinical practice.
5 a-reductase-2 gene (SRD5A2) Given the low incidence of 5 a-reductase deficiency in infertile males, the Committee has suggested this analysis only in selected subjects presenting clinical features fitting with this disorder.
Aneuploidy analysis in spermatozoa
At present there is not an agreement on the clinical application of fluorescent in situ hybridisation (FISH) for the analysis of chromosome content in individual spermatozoa, and the Committee has suggested that this test should not be performed as a routine analysis in infertile males. Once more robust scientific data becomes available, FISH analysis could be indicated in primary severe testiculopathies and after chemo-radiotherapy.
Fragile X syndrome
This test is strongly recommended during the diagnostic workup of women with oligo-amenorrhoea caused by primary ovarian dysfunction (including preamture ovarian failure, POF), especially when ART is considered. Furthermore, screening should also be performed when no obvious abnormality is present but poor response to ovarian stimulation in ART cycles was noticed. A careful genetic counselling should be offered to patients carrying premutation and candidate to ART, as premutation is predisposing to further expansion of the repeat in the germ line. Therefore premutated women are at high risk of delivering male children with mental retardation. In these cases, preimplantation diagnosis for fragile X syndrome should be offered. 14 
Background for the guidelines
Male infertility Knowledge of the molecular mechanisms underlying male infertility is rapidly expanding, and it is likely that many more genes affecting male reproduction will be identified in the next few years. As a result of the most recent researches, many genetic anomalies have been recognised as clinically relevant, both in determining male infertility and as risk factors of transmission by ART. These defects include chromosomal aberrations and specific gene mutations. In addition, other gene mutations (ie, b-subunit of LH, FSH, FSH and LH receptors, other genes involved in early sexual development) appear to have only a minor clinical role and further studies are needed. The present Guidelines do not consider these mutations, although they could be included in the future, once scientific evidence will prove their role. Table 4 summarises the genetic causes of male infertility.
Karyotype analysis It has been known for some 20 years 15 that the prevalence of chromosome abnormalities is higher in infertile men, this figure being inversely related to the sperm count. Chromosomal aberrations are also more common in the male partner of couples seeking ICSI, compared to the general population. 16 ± 18 Based on the largest published series it could be estimated that the overall incidence of a chromosomal factor in infertile males ranges between 2 and 8%, with a mean value of 5%. 15 ± 27 This value is increasing to about 15% in azoospermic males, being largely contributed by patients with 47,XXY aneuploidy. Sex chromosomes abnormalities are predominating, but a wide range of structural autosomal anomalies (Table 4) are also found. Heteromorphisms should be regarded as common variations devoid of any clinical relevance. Sex chromosome abnormalities were found in 3.7%, and autosomal abnormalities in 2.4% of infertile males seeking ICSI programmes in France. 17 Sex chromosome anomalies were found in 15.9%, and autosomal anomalies in 2.8% of the azoospermic men. Notably, the corresponding figure in the normozoospermic infertile men was 3.0%, including both sex chromosome aneuploidies (ie, 47,XYY, mosaicisms) (1.4%) and balanced structural abnormalities (1.6%). Preliminary results on pregnancies conceived through ICSI suggest that sex chromoGuidelines for genetic infertility C Foresta et al 306 some anomalies may be more frequent than in the naturally occurring pregnancies. In general, children conceived by ICSI have an increased risk of an abnormal karyotype. 28 ± 30 Although data are still controversial, a figure of about 3% has been suggested, half of them being transmitted by a chromosomally abnormal prospective father.
Microdeletions of the long arm of the Y chromosome Since the original report, 31 many studies have proved that Yq microdeletions are a common cause of male infertility.
10
Three different spermatogenesis loci were assigned to this region, which are referred to as`azoospermia factors' (AZFa, b and c), and different candidate genes have been mapped: USPY9 and DBY in AZFa, 32 RBMY1 in AZFb, 33 and DAZ in AZFc. 34 However, other Yq genes have been isolated and their contribution to the AZF phenotype is still unknown. 35, 36 Microdeletions determine a severe primary testiculopathy resulting in azoospermia or severe oligozoospermia, and they are more frequent in the AZFc locus. Although heterogeneous results have been published, the overall prevalence of Yq microdeletions in the infertile males can be estimated as about 10%. 10 In selected infertile males this figure is increasing to 15% in subjects with idiopathic severe oligozoospermia and up to 20% in those with idiopathic non-obstructive azoospermia. Individuals presenting with severe testiculopathies associated with other manifest causes of testicular damage, such as varicocele or cryptorchidism, may also have Yq microdeletions.
± 39
Patients with Y chromosome deletions frequently have sperm either in the ejaculate or within the testis, and are therefore suitable candidates for ART. In these cases, the genetic anomaly is invariably transmitted to the male sons, 40 who also receive the paternal disorder (ie, infertility). However, the actual consequences of this transmission are still unclear. Moreover, recent studies on lymphocytes and spermatozoa of male patients carrying a Yq microdeletion, report an association with an increased number of somatic cells as well as gametes lacking the X chromosome, which, if confirmed, could lead to the birth of 45,X female children. 41 CFTR gene Cystic fibrosis is one of the most common autosomal recessive disease among Caucasians, affecting one in 2500 live births, while one in 25 individuals is an asymptomatic heterozygote. The most frequent CFTR gene mutation (mapping to chromosome 7q31.1 ± 31.2), is the DF508, but more than 900 different mutations have been identified (see website: www.genet.sickkids.on.ca/cftr). CBAVD in most cases is regarded as a mild or incomplete form of cystic fibrosis. About 80% of these men are heterozygous, compound heterozygotes for a CFTR mutation or they carry the so called`5T allele'. 42 ± 45 This distinct mutation causes the skipping of exon 9 and low levels of expression of the CFTR protein. Among patients with CBAVD, about 20% have mutations in one copy of CFTR, 20% have mutations in both copies of CFTR (compound heterozygotes), 30% have a mutation in one copy of CFTR and the 5T allele in the other CFTR gene, and 10% are carrying only the 5T allele. Also CUAVD has been ascribed to CFTR mutations; although the prevalence of mutation in this group of subjects is widely ranging in different studies (11 ± 75%). 45 ± 47 Therefore, the clinical manifestation of individuals with CFTR mutations could be both azoospermia and oligozoospermia associated with CBAVD or CUAVD, respectively. Spermatogenesis is normal, and therefore they are strong candidates to ICSI using sperm retrieved from testis or epididymis. 48 In these cases the major risk to offspring is fullblown cystic fibrosis, in those couples in which the female partner is heterozygous for a CFTR mutation.
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KAL1 gene Kallmann syndrome affects one in 10 000 males, and consists of congenital, isolated, idiopathic ), also referred to as androgen sensitivity index (ASI), can be useful for detecting patients at risk for AR gene mutation. 53 The frequency of point mutations in the AR gene in infertile subjects with azoospermia or severe oligozoospermia is estimated in 2 ± 3%. 53 Since identical mutations in AR gene may be associated with different phenotypes, the consequences in children born by use of ART cannot be easily predictable and the couple should be informed about the possibility of a worsening of the clinical features in offspring inheriting the disease-gene. Large expansion (more than 40) of the trinucleotide (CAG) repeat in exon 1 causes spinal bulbar muscular atrophy (SBMA or Kennedy disease). It is still unclear if minor CAG repeat expansions result in isolated defective spermatogenesis. 54, 55 It should be kept in mind that the use of sperm from these male patients will not lead to affected children since boys will not inherit the mutation and girls will be unaffected carriers; however, in the next generation these carrier girls will be at risk to generate affected boys.
5 a-reductase-2 gene (SRD5A2) This enzyme converts testosterone to 5a-dihydrotestosterone in specific androgendependent target tissues. 56 Deficiency of 5 a-reductase-2 causes male pseudohermaphroditism usually presenting with pseudovaginal perineoscrotal hypospadia at birth. Virilisation occurs at puberty with phallic growth and testicular descent. Adult subjects may present with azoospermia or severe oligozoospermia sometimes associated with undescended testes and hypospadia. 57, 58 Pregnancy by IUI has been reported in patients with 5 a-reductase deficiency. 58 Aneuploidy analysis in spermatozoa Normal males produce a variable proportion of spermatozoa (ranging between 1 and 15%) with visible chromosome aberrations, most of them being of the structural type (about 90%). 59 Some evidence suggests that a number of clinical conditions related to male infertility are associated with increased numbers of hypo-or hyperaploid spermatozoa. In infertile patients with severe testiculopathies numerical sperm anomalies are increased as a consequence of mitotic and meiotic failures. 60 ± 62 Furthermore, chemotherapy and radiotherapy have a clastogenic effect persisting over a period of time (up to 6 months) after discontinuing these treatments. 63, 64 FISH, which is the technique of choice for assessing the sperm aneuploidies, has some limitations, above all because it is unable to detect structural abnormalities. In addition, only a limited number of spermatozoa are evaluated, standardization of the hybridization procedure is needed and automation is currently lacking.
Other conditions Other genetic anomalies have been evaluated by the Committee, but have not been included as tests for routine assessment of the infertile subjects, either because they are extremely rare in the setting of an infertility centre, or because scientific data are still limited. They include mutations in genes essential for gonadal development and testicular function (deficiency of steroidogenic enzymes, mutations in the genes for b-subunit of LH and FSH, and LH and FSH receptors), and pleiotropic genes whose mutation also alter spermatogenesis (miotonic dystrophy, DAX1). Furthermore, a number of genetic disorders may affect spermatogenesis, but clinical manifestations are so complex that infertility represents a minor feature (Table 5) . Furthermore, some forms of male infertility characterised by uniform and permanent morphological and structural alterations of the entire sperm population (such as round headed sperm, miniacrosome etc.) are probably the results of hitherto unknown genetic mutations. 65 This aspect should be kept in mind in subjects candidate to ART.
Female infertility
Following the progress of molecular biology, many studies have been undertaken in recent years to clarify the genetic mechanisms underlying female reproductive disorders. Apart from chromosomal abnormalities, alterations in female sexual maturation or reproductive function may be caused by gene defects at various levels of the hypothalamicpituitary-ovarian axis or in gonadal and adrenal steroid biosynthesis or reception. 66 Moreover, the possibility of single or multiple gene defects in common clinical conditions, such as polycistic ovary syndrome (PCOS) 67, 68 or
Guidelines for genetic infertility C Foresta et al 308 premature ovarian failure (POF), 69 have been recently described. Technical progresses in ART have stimulated research in this field. As a consequence, some clinical aspects specifically related to these techniques, such as poor response to ovarian stimulation, have been investigated as genetically determined. Finally, a causal relationship has been established between many chromosomal abnormalities and the spontaneous early foetal demise. 70, 71 In Table 6 the genetic causes of female infertility have been summarised.
Karyotype analysis Turner syndrome is the most common chromosome abnormality in infertile women, but also a variety of structural autosomal aberrations may be found with relatively high frequency. Contradictory data have been published concerning the frequency of chromosomal abnormalities in female infertility, 16, 18, 24, 72 which, can be estimated in about 5%. 17 In the female partners of couples undergoing the ICSI procedure, 2.8% has numerical sex chromosome abnormalities and 2.1% structural autosomal abnormalities. 17 The phenotype of women affected by sex chromosomal aberrations is highly variable, in terms of external and internal genitalia and physical features. However, a feature shared by all these chromosome imbalances is primary ovarian dysfunction (hypergonadotropic) with primary or secondary amenorrhoea (including POF) or oligomenorrhoea. For example, about 30% of primary amenorrhoeas are caused by Turner syndrome. In addition, autosomal structural abnormalities may cause recurrent foetal loss. 73 Abnormal karyotype (such as 47,XXX) may be found in women without apparent causes of infertility. 17 Many women with chromosomal abnormalities, including Turner syndrome, may become pregnant by use of ART.
Fragile X syndrome (FRAXA) This is the most common cause of mental retardation in males and it is caused by the expansion of the CGG trinucleotide repeat in exon 1 of the FMR1 gene located in Xq27.3. In the general population less than 50 repeats are found, while more than 200 (full mutation) are causing mental retardation. A premutation is defined as 50 ± 200 repeats and can be associated with POF in otherwise normal women. In fact, 15 ± 25% of premutated women are affected by POF and 6.5% of women with POF carry a FRAXA premutation. 74, 75 Patients who will develop a POF frequently show a period of oligomenorrhoea with a progressive increase in gonadotropins. 76 Furthermore, premutation has been shown to be associated with low response to ovarian stimulation during in vitro ART.
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KAL1 gene Kallmann syndrome due to mutation in the KAL1 gene is exceedingly rare in women, resulting in primary amenorrhoea with hypergonadotropinism and anosmia. A higher incidence of uterine malformations has been also reported. 78 Heterozygous females have no discernible abnormalities. 13 Other conditions Similarly to the males, other genetic conditions may determine female infertility. 79, 80 However, they are very rare and of little clinical relevance for specialists in the field of reproduction. Notable examples include androgen receptor gene mutations causing complete androgen insensitivity syndrome, syndromes in which infertility is a minor manifestation (Table 7) , and syndromes in which infertility represents the major phenotype (mutations in FSH and LH receptors, FSH gene, GnRH receptor). It is worth noting that karyotypically normal women produce a variable percentage (more than 20%) of chromo- Table 7 .
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Guidelines for genetic infertility C Foresta et alsomally abnormal oocytes. This percentage is increasing with advanced maternal age, as a consequence of altered crossingover and increased non-disjunction. Therefore genetic counselling is especially recommended when ART is performed in older women.
Conclusions
These Guidelines are mainly intended for those specialists working in clinical settings related to male and female infertility, in order to have an appropriate use of the genetic tests that are currently available. The main goal of our work was to give recommendations concerning the tests that should be performed according to the different situations. The principles that led us to prepare these recommendations reside in the fundamental aims that specialists in this field should always bear in mind: (1) the need for a careful diagnosis of the infertility status and (2) the evaluation of the risk for the child to be born after ART and the appropriate management of the pregnancy to be obtained. We did not consider all the possible genetic causes of reproductive disorders, as well as technical aspects of each diagnostic genetic test, as these were not our intentions. Genetic counselling should be offered to all couples undergoing ART and it is further strongly recommended when a genetic anomaly is found in either one component of the couple. 81 The final decision whether to have a test should be left to the patients, and it is the couple's decision regarding whether or not to proceed with ART. These decisions can be taken once the patients have clearly understood the genetic risks and possible consequences when ART is used. With genetic counselling and genetic testing, the cost of ART procedures would rise, but the patients would benefit from more fully informed decisions. 81, 82 
